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SOCS1-Negative Feedback of STAT1 Activation
Is a Key Pathway in the dsRNA-Induced Innate
Immune Response of Human Keratinocytes
Xiuju Dai1, Koji Sayama1, Kenshi Yamasaki1, Mikiko Tohyama1, Yuji Shirakata1, Yasushi Hanakawa1,
Sho Tokumaru1, Yoko Yahata1, Lujun Yang1, Akihiko Yoshimura2 and Koji Hashimoto1
Toll-like receptor (TLR)3 is a receptor for virus-associated double-stranded RNA, and triggers antiviral immune
responses during viral infection. Epidermal keratinocytes express TLR3 and provide an innate immune defense
against viral infection. Since the intracellular regulatory mechanism is unknown, we hypothesized that the
signal transducers and activators of transcription (STAT)–suppressors of cytokine signaling (SOCS) system
regulates the innate immune response of keratinocytes. Treatment with polyinosinic–polycytidylic acid
(poly(I:C)) resulted in the rapid translocation of IFN regulatory factor (IRF)-3 into the nucleus, followed by
phosphorylation of STAT1 and STAT3. The activation of STATs by poly(I:C) probably occurs in an indirect fashion,
through poly(I:C)-induced IFN. We infected cells with the dominant-negative forms of STAT1 (STAT1F), STAT3
(STAT3F), and SOCS1 using adenovirus vectors. Infection with STAT1F suppressed the induction of macrophage
inflammatory protein (MIP)-1a by poly(I:C), whereas STAT3F had a minimal effect, which indicates that STAT1
mediates MIP-1a induction. SOCS1, which is a negative feedback regulator of STAT1 signaling, was induced by
treatment with poly(I:C). SOCS1 infection inhibited the phosphorylation of STAT1 and significantly reduced
poly(I:C)-induced MIP-1a production. Furthermore, STAT1–SOCS1 regulated poly(I:C)-induced TLR3 and IRF-7
expression. However, SOCS1 did not affect NF-kB signaling. Thus, the STAT1–SOCS1 pathway regulates the
innate immune response via TLR3 signaling in epidermal keratinocytes.
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INTRODUCTION
Toll-like receptors (TLRs) play critical roles in innate and
adaptive immunity by detecting microbial pathogens. These
signals are classified into MyD88-dependent and MyD88-
independent pathways, which lead to the transcription of
appropriate host-defense genes (Takeda et al., 2003). TLR3 is
a receptor for virus-associated double-stranded RNA (dsRNA)
and activates NF-kB, mitogen-activated protein kinase, and
IFN regulatory factor (IRF)-3 in a MyD88-independent
manner to control viral infection (Matsumoto et al., 2004).
Keratinocytes are the major constituent of the epidermis
and the target of viruses, such as herpes simplex virus
(Mikloska et al., 1998), human papillomavirus (Cho et al.,
2001), and varicella-zoster virus (Nahass et al., 1996).
Human keratinocytes express TLR3 both in vitro and in vivo
(Mempel et al., 2003; Tohyama et al., 2005), and cultured
keratinocytes produce IFN-a/b followed by macrophage
inflammatory protein (MIP)-1a (CCL3) in response to the
ligand of TLR3, dsRNA (Tohyama et al., 2005). MIP-1a is
chemotactic for monocytes, T lymphocytes, and natural killer
cells and is critical for antiviral defense (Menten et al., 2002).
Previously, we showed that the lesional epidermis of virus-
infected skin expresses MIP-1a, and that dsRNA-treated
keratinocytes produce MIP-1a (Tohyama et al., 2005), which
indicates that keratinocytes play crucial roles in viral
infection. Since chemokines recruit immune cells to attack
virus-infected tissues, regulatory mechanisms must exist to
avoid aberrant reactions to viral infection, otherwise the
innate immune reaction would cause serious tissue damage.
However, the negative regulatory mechanism of TLR3
signaling in keratinocytes has not been clarified.
The signal transducers and activators of transcription
(STAT) family and its negative regulators, the suppressors of
cytokine signaling (SOCS)/cytokine-inducible SH2-contain-
ing protein family of proteins, play central roles in regulating
cytokine production in various cell types. STATs are crucial
molecules for the IFN/cytokine-signaling pathways (Takaoka
and Taniguchi, 2003). The SOCS family is induced by STAT
activation, and SOCS proteins bind directly to cytokine
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There is some evidence for a link between SOCS and TLR
signaling. It has been reported that macrophages from
SOCS1-deficient mice exhibit increased LPS sensitivity
(Kinjyo et al., 2002), and that the overexpression of SOCS1
impairs TLR triggering (Kinjyo et al., 2002; Baetz et al., 2004).
Despite these reports, the inhibitory profile of the SOCS
family differs according to cell type and growth conditions. It
is not yet known whether or how the SOCS family proteins
negatively regulate TLR3 signaling in keratinocytes.
Several IRF molecules are involved in the immune
response to viral infection (Sato et al., 2000), among which
IRF-3 and IRF-7 regulate the transcription of IFN-a/b genes
(Taniguchi et al., 2001). IRF-3 is primarily responsible for the
induction of IFN-a/b in the early induction phase of viral
infection (Juang et al., 1998). IRF-7 is a short-lived protein,
and its expression is dependent on the activation of the
transcription factor ISGF3 by type I IFN (Lu et al., 2000).
During viral infection, de novo-produced IRF-7 is phosphory-
lated, similarly to IRF-3, which further activates the IFN-a
promoter and induces IFN-inducible genes (Marie et al.,
1998). Therefore, massive production of IFN-a/b can be
achieved through this positive-feedback loop.
Given the importance of IFNs in viral infection and the
ability of polyinosinic–polycytidylic acid (poly(I:C)) to induce
IFN-a/b production in human keratinocytes, we hypothesized
that the STAT family mediates TLR3 signaling and that SOCS
family negatively regulates TLR3 signaling in keratinocytes.
To support this hypothesis, we utilized adenovirus vectors
(Axs) carrying the dominant-negative forms of STAT1, STAT3,
and wild-type SOCS1. In this study, we demonstrate for the
first time that dsRNA activates the JAK–STAT pathway, which
is negatively regulated by SOCS1, in human keratinocytes.
RESULTS
Poly(I:C) activation of IRF-3 in cultured normal human
keratinocytes
We studied whether IRF-3 was activated by poly(I:C) in
normal human keratinocytes, since IRF-3 is a key transcrip-
tion factor for virus-induced IFN expression (Sato et al., 1998,
2000) and poly(I:C)-treated keratinocytes produce IFN-a and
IFN-b (Tohyama et al., 2005). We used confocal laser
scanning microscopy to investigate the localization of IRF-3
after treatment with poly(I:C). As shown in Figure 1, IRF-3
was located in the cytoplasm of unstimulated keratinocytes.
IRF-3 translocated into the nucleus as early as 30 minutes
after treatment with poly(I:C), and translocation lasted for
6 hours, which confirms the previous findings in HeLa cells
(Iwamura et al., 2001). This result suggests that the activation
of IRF-3 mediates poly(I:C)-induced IFN-a/b production in
human keratinocytes.
Poly(I:C) activation of the JAK–STAT pathway is dependent
upon IFN
We examined whether STATs were phosphorylated
in keratinocytes in response to poly(I:C) treatment, as
IFN receptors transduce signals via STATs (Takaoka and
Taniguchi, 2003). As expected (Figure 2a), poly(I:C) treatment
resulted in the phosphorylation of not only STAT1 but also
STAT3. We also found that poly(I:C)-induced phosphoryla-
tion of STAT1 is dependent upon the expression of IFNs, as
pretreatment with neutralizing antibodies against IFN-a or
IFN-b significantly inhibited the phosphorylation of STAT1.
Furthermore, almost complete blockage of STAT1 phosphor-
ylation was detected when the anti-IFN-a and anti-IFN-b
antibodies were added in combination into the culture,
whereas the total STAT level was not affected (Figure 2b). Our
data also suggest that IFN-b is more important than IFN-a for
the activation of STAT1. Blocking the IFN signal also
suppressed poly(I:C)-provoked STAT3 phosphorylation (data
not shown). Therefore, the poly(I:C)-activated JAK–STAT
pathway is type I IFN dependent.
Inhibition of poly(I:C)-induced MIP-1a production by STAT1F
but not by STAT3F
Next, we investigated whether the activation of STATs was
involved in poly(I:C)-induced MIP-1a production. For this
Control 30 minutes 60 minutes 6 hours 24 hours
Figure 1. Poly(I:C) induces the nuclear translocation of IRF-3. Poly(I:C)-
treated keratinocytes were fixed, and immunofluorescence was performed to
detect the nuclear translocation of IRF-3. Green: IRF3 staining; red: 4,6-
diamidino-2-phenylindole staining.
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Figure 2. Poly(I:C)-provoked STAT activation is IFN-dependent. (a) Kerati-
nocytes were stimulated with poly(I:C), and cell lysates were collected.
Immunoblotting was performed with antibodies against STAT1, phospho-
STAT1, STAT3, and phospho-STAT3. (b) The cultures were neutralized with
normal IgG, anti-IFN-a antibody (5 mg/ml), and/or anti-IFN-b antibody (5mg/
ml) for 2 hours before the addition of poly(I:C). The keratinocytes were
incubated for another 4 hours, and the cells were collected for evaluation of
the STAT1 and phospho-STAT1 levels. The intensity of each band was
quantified using the NIH Image software. The relative levels of STAT1 and
phospho-STAT1 were normalized against the control, which was designated
as one unit.
www.jidonline.org 1575
X Dai et al.
STAT1–SOCS1 Pathway Regulates TLR3 Signaling
purpose, we constructed AxSTAT1F and AxSTAT3F. Infection
with AxSTAT1F and AxSTAT3F resulted in significant
expression of the STAT1 and STAT3 proteins, respectively
(Figure 3a), and abolished the poly(I:C)-provoked phosphor-
ylation of STAT1 and STAT3 (Figure 3b), respectively.
Therefore, STAT1F and STAT3F specifically inhibit the STAT1
and STAT3 pathways. Poly(I:C) strongly stimulated the
production of MIP-1a, which was completely abolished by
STAT1F; however, STAT3F had little effect on MIP-1a
production (Figure 3c). These data suggest that the STAT1-
signaling pathway is essential for poly(I:C)-induced MIP-1a
production.
Inhibition of poly(I:C)-induced MIP-1a production by SOCS1
The expression of SOCS1–3 in poly(I:C)-treated keratinocytes
was examined by real-time reverse transcriptase (RT)-PCR.
The expression of SOCS1 mRNA was enhanced 150-fold at
24 hours and more than 400-fold at 36 hours, compared with
the control level at 0 hour; the level of SOCS2 mRNA was
increased slightly after 36 hours, and SOCS3 expression was
increased several-fold after 12 hours (Figure 4a). Western blot
analysis confirmed the induction of SOCS1 (Figure 4b),
which is certainly dependent upon the activation of STAT1
(Figure 4c). It has been reported that SOCS1 and SOCS3
inhibit IFN-mediated antiviral activities and that the inhibi-
tory activity of SOCS3 toward STAT1 activation is weaker
than that exhibited by SOCS1 (Song and Shuai, 1998).
Therefore, we investigated the effect of SOCS1 on poly(I:C)-
induced MIP-1a production.
As shown in Figure 4d, the expression of SOCS1 virtually
abolished poly(I:C)-induced STAT1 phosphorylation. Further-
more, SOCS1 almost completely blocked poly(I:C)-induced
MIP-1a production (Figure 4e). Taken together, these results
suggest that the expression of SOCS1 is dependent upon the
activation of STAT1, and that SOCS1 negatively regulates
poly(I:C)-provoked MIP-1a production by inhibiting STAT1
phosphorylation.
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Figure 3. Infection with STAT1F blocks poly(I:C)-induced MIP-1a produc-
tion. (a) Keratinocytes were infected with AxLacZ, AxSTAT1F, and AxSTAT3F
for 24 hours. Cell lysates were analyzed for the levels of STAT1 and STAT3
proteins. (b) Keratinocytes were infected with AxLacZ, AxSTAT1F, and
AxSTAT3F for 24 hours, and the cultures were then stimulated with poly(I:C)
for 4 hours. The phosphorylation levels of STAT1 and STAT3 were determined
by Western blotting. (c) Keratinocytes were infected with AxLacZ, AxSTAT1F,
and AxSTAT3F, respectively, and then stimulated with poly(I:C). Total RNA
samples were extracted at the indicated times, and the supernatants were
collected at 36 hours post-treatment. The production of MIP-1a was examined
using real-time RT-PCR and ELISA.
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Figure 4. Poly(I:C)-induces SOCS1 expression, and SOCS1 infection inhibits
poly(I:C)-induced MIP-1a production. (a) Keratinocytes were treated with
poly(I:C) for the indicated time periods. The mRNA expression levels of
SOCS1, SOCS2, and SOCS3 were examined using real-time RT-PCR. (b)
Keratinocytes were treated with poly(I:C), and the SOCS1 protein levels were
assayed by Western blotting. (c) Keratinocytes were infected with AxLacZ or
AxSTAT1F for 24 hours before the addition of poly(I:C). Real-time RT-PCR was
performed to evaluate the levels of SOCS1 mRNA. (d) Keratinocytes were
infected with AxLacZ and AxSOCS1 before incubation with poly(I:C). Cell
lysates were examined using the phospho-STAT1 antibody. (e) Keratinocytes
were infected with adenovirus for 24 hours before the addition of poly(I:C).
Total RNA samples were extracted, and real-time RT-PCR was performed for
MIP-1a mRNA. Supernatants were collected at 36 hours post-treatment, and
the MIP-1a protein levels were determined by ELISA.
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Involvement of NF-jB in poly(I:C)-induced MIP-1a production
TLR signaling phosphorylates IkBa and activates the NF-kB
signal (Alexopoulou et al., 2001). The activation of the NF-kB
signal was detected in poly(I:C)-treated keratinocytes (Figure
5a). The promoter for the gene that encodes MIP-1a contains
several NF-kB-binding sites, and NF-kB has been demon-
strated to activate MIP-1a transcription in response to
cytokines (Guo et al., 2003). Therefore, we studied whether
NF-kB was involved in poly(I:C)-provoked MIP-1a produc-
tion. We introduced the Axs that carries a dominant-negative
form of IkBa (IkBaM) to block NF-kB signaling (Dai et al.,
2004a). As shown in Figure 5b, the production of MIP-1a was
suppressed by IkBaM.
NF-jB is not involved in the inhibition of poly(I:C)-induced
MIP-1a production by SOCS1
As SOCS1 has been shown to function as a negative-feedback
regulator of TLR4 by suppressing LPS-provoked IkBa phos-
phorylation and STAT activation in macrophages (Kinjyo
et al., 2002; Kimura et al., 2004), we investigated whether the
inhibitory effect of SOCS1 on poly(I:C)-induced MIP-1a
production was attributable to the inhibition of IkBa
phosphorylation. Unexpectedly, infection with AxSOCS1
showed no effect on the level of total IkBa but slightly
increased the phosphorylation of IkBa (Figure 5c). This
outcome may be explained by the possibility that the
inhibition of SOCS1, as a negative regulator for the indirect
or secondary effect of TLR3 signaling, benefits the activation
of direct signals provoked by dsRNA (Sen and Sarkar, 2005).
Neither infection with STAT1F nor blocking of the IFN signal
affected the phosphorylation of IkBa (data not shown).
Therefore, although NF-kB is involved in MIP-1a production,
the inhibition of MIP-1a production by SOCS1 does not occur
via the NF-kB signal.
Regulation of poly(I:C)-induced TLR3 expression by the
STAT1–SOCS1 pathway
As described previously (Tanabe et al., 2003; Tohyama et al.,
2005), type I IFNs are required for poly(I:C)-induced TLR3
upregulation (Figure 6a). Thus, we investigated whether the
SOCS1–STAT1 pathway regulates TLR3 expression in
poly(I:C)-treated keratinocytes. STAT1F completely abolished
the induction of TLR3 mRNA, while STAT3F also inhibited
TLR3 expression, albeit less efficiently than STAT1F (Figure
6b). Moreover, SOCS1 expression significantly reduced
poly(I:C)-induced TLR3 mRNA expression (Figure 6c). These
data indicate that the induction of TLR3 expression by
poly(I:C) is also regulated by the STAT1–SOCS1 pathway in
keratinocytes.
Inhibition of poly(I:C)-induced IRF-7 expression by SOCS1
Although the IRF-7 protein is undetectable in normal cells,
treatment with type I IFNs or viral infection induces the
accumulation of IRF-7 (Taniguchi and Takaoka, 2002). The
IRF-7 mRNA level in the keratinocytes increased beginning
6 hours post-treatment with poly(I:C); this induction process
was dependent upon the type I IFN signal (Ousman et al.,
2005), as evidenced by the suppression of IRF-7 expression
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Figure 5. The activation of NF-jB regulates MIP-1a production, but SOCS1 does not affect the NF-jB signal. (a) Poly(I:C) activates the NF-kB signal.
Keratinocytes were treated with poly(I:C), and cell lysates were prepared. Immunoblotting was performed with antibodies directed against IKKb, phospho-IKKb,
IkBa, and phospho-IkBa. (b) Infection with IkBaM suppresses poly(I:C)-induced MIP-1a production. Keratinocytes were infected with AxLacZ or AxIkBaM for
24 hours, and the cultures were stimulated with poly(I:C). RNA samples were collected at the indicated times, and supernatants were collected at 36 hours post-
treatment. The mRNA and protein levels of MIP-1a were measured. (c) SOCS1 does not inhibit the phosphorylation of IkBa. Keratinocytes were infected with
AxLacZ and AxSOCS1 for 24 hours before the addition of poly(I:C). Cell lysates were prepared, and Western blotting was performed with antibodies directed
against phospho-IkBa and IkBa. The graph is constructed as described in Figure 2b.
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by neutralizing antibody against type I IFNs (Figure 7a).
STAT1F completely blocked poly(I:C)-induced IRF-7 mRNA
expression, whereas STAT3F partially suppressed its expres-
sion (Figure 7b). SOCS1 also significantly inhibited IRF-7
expression (Figure 7c). Therefore, activation of the STAT1–-
SOCS1 pathway is an essential step in this process.
DISCUSSION
Keratinocytes, which are the primary target of viral infections
of the skin, are likely to play a pivotal role in virus-induced
skin inflammation. Figure 8 summarizes the intracellular
signaling mechanisms of the dsRNA-provoked innate im-
mune responses of normal human keratinocytes. Initially,
dsRNA enhances IFN-a/b production via TLR3-activated IRF-
3 and NF-kB. IFNs activate the JAK–STAT pathway, which
results in the expression of genes related to antiviral function.
The activation of STAT1 by IFNs not only induces chemokine
production, but also results in the expression of IRF-7 and
TLR3, thus amplifying the dsRNA-provoked reaction in a
positive-feedback manner during viral infection. However,
SOCS1, which is another inducible gene, not only blocks
STAT1 activation but also inhibits STAT1-dependent TLR3,
IRF-7, and MIP-1a. The SOCS1 negative-feedback mechan-
ism for the STAT activation pathway probably impairs
autocrine secondary signaling via type I IFN, thereby
avoiding exaggerated reactions and regulating the antiviral
immune response to viral infection of the skin. This is the first
report to indicate that the SOCS–STAT pathway regulates
MIP-1a production in dsRNA-stimulated keratinocytes.
Since the induction of SOCS was initially attributed to the
JAK/STAT pathways, SOCS has generally been thought to act
on JAK/STAT cascades. However, this idea has recently been
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Figure 7. STAT1F and SOCS1 inhibit poly(I:C)-induced IRF-7. The samples
described in Figure 6 were used for the detection of IRF-7 mRNA by real-time
RT-PCR. (a) The samples were same as Figure 6a. (b) The samples described in
Figure 6b were used. (c) RNA samples were prepared as described in Figure
4e. The expressions of IRF-7 mRNA were detected in real time RT-PCR.
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Thus, SOCS1 negatively regulates the immune responses of keratinocytes to
dsRNA during viral skin infection.
STAT1F
STAT3F
LacZ
IgG
Anti-IFN-
Anti-IFN-
Anti-IFN-/
0
0
2
4
6
8
10
3 6 12 24 36
Addition after poly(I:C) (hours)
TL
R
3 
(re
lat
ive
 in
cre
as
e)
2
4
6
8
10
TL
R
3 
(re
lat
ive
 in
cre
as
e)
2
4
6
8
10
12
14
TL
R
3 
(re
lat
ive
 in
cre
as
e)
0
0 3 6 12 24 36
Addition after poly(I:C) (hours)
0
0 6 12 24
Addition after poly(I:C) (hours)
LacZ
SOCS1
a b
c
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challenged by the finding that SOCS/ mice show
enhanced responses to LPS, with strongly enhanced phos-
phorylation of IkBa, p38, and JNK (Kinjyo et al., 2002).
Moreover, overexpression of SOCS1 suppresses LPS-induced
NF-kB activation, a process through which SOCS1 inhibits
TLR4-specific cytokine induction (Kinjyo et al., 2002).
However, two other groups have presented contrasting data
(Baetz et al., 2004; Gingras et al., 2004), which are consistent
with our observations that SOCS1 has no negative effects on
the poly(I:C)-stimulated rapid activation of NF-kB signaling.
In this study, we show the almost complete inhibition by
SOCS1 of STAT1 activation in TLR3 signaling, and demon-
strate that SOCS1 inhibits MIP-1a expression by disabling the
STAT1 signal and not the NF-kB signal, although the NF-kB
signal is also required for MIP-1a production.
The continuous expression of IRF-7 through type I IFN
results in the amplification of the IFN signal, which plays an
important role in ensuring a robust immune response during
viral infection. In this study, we found that poly(I:C) induces
IRF-7 expression, which is dependent upon type I IFN-
stimulated STAT1 activation. It has been reported that virus-
induced regulated upon activation, normal T-cell expressed
and secreted (RANTES) gene expression is blocked in airway
epithelial cells through the inhibition of IRF-7 expression
(Casola et al., 2001). We propose that SOCS1 partially
regulates MIP-1a expression by inhibiting IRF-7. SOCS1 may
inhibit the JAK/STAT-dependent autocrine and paracrine
amplification loops, for example, additional activation via
type I IFNs. Based on these findings, we suggest that the
STAT–SOCS pathway plays a role in avoiding the unnecessary
amplification of the immune response and in keeping host
defenses balanced by regulating the activities of the IRF
family and TLR3.
The dsRNA-dependent protein kinase (PKR) has been
implicated in dsRNA-activated signaling (Chu et al., 1999).
PKR exists in most cell types and trans-autophosphorylates in
response to poly(I:C). PKR has been shown to regulate
poly(I:C)-induced tumor necrosis factor-a (Meusel et al.,
2002). However, PKR is not the kinase responsible for
phosphorylating and activating IRF-3 (Chu et al., 1999).
Furthermore, we did not detect any notable level of
phosphorylated PKR in the poly(I:C)-treated keratinocytes
(data not shown). All of these events support the notion that
the poly(I:C)-stimulated signal in keratinocytes is indepen-
dent of PKR.
The existence of a viral sensor other than TLR3 has been
proposed (Levy and Marie, 2004). The RNA helicase retinoic
acid-inducible gene (RIG-I) probably serves as this type of
sensor, as RIG-I has been demonstrated to activate IRF-3 and
induce IFN-b production (Levy and Marie, 2004; Yoneyama
et al., 2004). It has been reported that the responses to viral
infection or to intracellular dsRNA are reduced in the
absence of RIG-I, whereas the extracellular dsRNA-stimu-
lated responses mediated by TLR3 remain intact (Yoneyama
et al., 2004). Both TLR3 and RIG-I sense the in vivo immune
responses to viruses. It is possible that MIP-1a production and
JAK–STAT activation in virus-infected keratinocytes are
mediated partially via RIG-I. Therefore, the involvement of
RIG-I in the virus-induced innate immune responses of
keratinocytes should be clarified.
Our investigations suggest that SOCS1 mainly suppresses
the indirect effects of the dsRNA signal and negatively
regulates the viral immune response to avoid exaggerated
reactions. Therefore, the STAT–SOCS1 pathway plays a
critical role in the maintenance of homeostasis in the innate
immune system of the skin.
MATERIALS AND METHODS
Reagents
Normal IgG, as well as the anti-IFN-a and anti-IFN-b antibodies
were purchased from R&D Systems (Minneapolis, MN), and the anti-
IRF-3 antibody was purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). The remaining antibodies used in this study were
obtained from Cell Signaling Technology (Beverly, MA).
Cell culturing and treatment
Normal human keratinocytes were cultured in MCDB153 medium
that was supplemented with insulin (5 mg/ml), hydrocortisone
(5 107 M), ethanolamine (0.1 mM), phosphoethanolamine
(0.1 mM), bovine hypothalamic extract (50mg/ml), and Ca2þ
(0.03 mM), as described previously (Shirakata et al., 2004). Cells
that had been passaged four times were used in the experiments, and
subconfluent keratinocyte cultures were treated with 100 ng/ml of
poly(I:C) (Amersham Biosciences Corp., Piscataway, NJ) for a
predetermined period of time. The study was conducted according
to the Declaration of Helsinki Principles. All of the procedures that
involved human subjects received prior approval from the Ethical
Committee of Ehime University School of Medicine, and all the
subjects provided written informed consent.
Adenovirus construction and infection
The cosmid cassette pAxCAw and the parental virus Ad5-dlX were
kind gifts from Dr Izumu Saito (Tokyo University, Japan) (Miyake
et al., 1996). The full-length coding regions of STAT1F, STAT3F, and
SOCS1 cDNA were subcloned into pAxCAw. The STAT1F and
STAT3F genes encode dominant-negative mutant proteins, in which
the tyrosine phosphorylation sites have been changed to phenyla-
lanine (Yamasaki et al., 2003). Axs that contained the CA promoter
and STAT1F, STAT3F, or SOCS1/JAB were generated using the
cosmid cassettes and Ad DNA-TPC method (Miyake et al., 1996).
The cosmid DNA was mixed with the EcoT221-digested DNA-
terminal Ad5–dLX protein complex, which was used to transfect 293
cells. The recombinant viruses were generated through homologous
recombination in 293 cells, and the virus stocks were prepared using
a standard procedure (Miyake et al., 1996). Concentrated, purified
virus stocks were prepared by CsCl gradient centrifugation, and the
virus titers were estimated in a plaque formation assay.
Cultured normal human keratinocytes were infected with Ax
STAT1F, AxSTAT3F, or AxSOCS1 at a multiplicity of infection of 10,
as described previously (Yamasaki et al., 2003), and AxLacZ was
used as the control vector. The AxIkBaM vector was constructed and
infected into keratinocytes as described previously (Dai et al., 2004a).
Immunofluorescence microscopy
The keratinocytes were seeded on chamber slides. The treated cells
were fixed for 5 minutes in methanol:acetone (1:1), and treated with
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the anti-IRF-3 antibody overnight at 41C. After washing with
phosphate-buffered saline, the cells were incubated with fluores-
cein-labeled goat anti-rabbit IgG for 30 minutes at 371C. 4,6-
Diamidino-2-phenylindole staining of the nucleus was also per-
formed. The stained cells were visualized at an original magnifica-
tion of  40 under an LSM 510 microscope (Carl Zeiss, Jena,
Germany). Images were captured using the LSM 510 software.
RT-PCR
Total RNA samples were isolated using Isogen (Nippon Gene,
Tokyo, Japan), and RT-PCR was performed using RT-PCR High Plus
(Toyobo, Osaka, Japan) (Dai et al., 2004b). The expression levels of
MIP-1a and glyceraldehyde-3-phosphate dehydrogenase mRNA
were detected using specific primers (primer list: Table S1). The
PCR products were sequenced to confirm the accuracy of
amplification.
Real-time RT-PCR
Real-time RT-PCR was performed in an ABI PRISM 7700 sequence
detector (PE Applied Biosystems, Foster City, CA). The primers and
probes for glyceraldehyde-3-phosphate dehydrogenase, TLR3, and
IRF-7 were obtained from Applied Biosystems (Norwalk, CT). The
primers and probes for members of the human SOCS family are
shown in Table S2. The RNA analysis was carried out using the
TaqMan RT-PCR Master Mix reagents kit (Applied Biosystems,
Norwalk, CT) and the quantification of gene expression was
performed using the comparative computed tomography method,
as described previously (Dai et al., 2004a). The level of target gene
expression in the test samples was normalized to the corresponding
glyceraldehyde-3-phosphate dehydrogenase level and is reported as
the fold difference. In this study, each assay was performed in
triplicate, and the factorial change of each sample was normalized
against that of the vehicle as one unit.
ELISA
Culture supernatants were collected at the indicated times
after treatment and were stored at 701C until subjected to ELISA.
The ELISA kit for MIP-1a was purchased from Endogen (Auburn,
MA). ELISA was performed according to the manufacturer’s
instructions.
Protein preparation and Western blot analysis
The cells were harvested by transfer into extraction buffer that
contained 150 mM NaCl, 1% Nonidet P-40, 0.5% deoxycholate,
0.1% SDS, 50 mM Tris-HCl (pH 7.4), and protease inhibitors. Equal
amounts of protein were separated by SDS-PAGE electrophoresis
and transferred to polyvinylidene difluoride membranes. The
analysis was performed using the Vistra ECF kit (Amersham
Biosciences, Tokyo, Japan) and a FluoroImager (Molecular
Dynamics, Sunnyvale, CA).
Statistical analyses
In this study, at least three independent experiments were
performed, with similar results, and one representative experiment
is shown in each of the figures. The quantitative ELISA data and the
relative mRNA expression levels detected by real-time RT-PCR are
expressed as the mean7SD (N¼ 3). Statistical significance was
determined by the paired Student’s t-test. Differences were
considered to be statistically significant for Po0.05. The levels of
statistical significance are indicated as follows in the figures:
*Po0.05; **Po0.01; and ***Po0.001.
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